Cotton rat (Sigmodon hispidus) is a useful experimental rodent for the study of human infectious diseases. We previously clarified that cotton rats, particularly females, developed chronic kidney disease characterized by cystic lesions, inflammation, and fibrosis. The present study investigated female-associated factors for chronic kidney disease development in cotton rats. Notably, female cotton rats developed separation of the pelvic symphysis and hypertrophy in the vaginal parts of the cervix with age, which strongly associated with pyometra. The development of pyometra closely associated with the deterioration of renal dysfunction or immunological abnormalities was indicated by blood urea nitrogen and serum creatinine or spleen weight and serum albumin/globulin ratio, respectively. These parameters for renal dysfunction and immunological abnormalities were statistically correlated. These phenotypes found in the female reproductive organs were completely inhibited by ovariectomy. Further, the female cotton rats with pyometra tended to show more severe chronic kidney disease phenotypes and immunological abnormalities than those without pyometra; these changes were inhibited in ovariectomized cotton rats. With regard to renal histopathology, cystic lesions, inflammation, and fibrosis were ameliorated by ovariectomy. Notably, the immunostaining intensity of estrogen receptor a and estrogen receptor b were weak in the healthy kidneys, but both estrogen receptors were strongly induced in the renal tubules showing cystic changes. In conclusion, the close correlations among female reproductive organ-associated abnormalities, immunological abnormalities, and renal dysfunction characterize the chronic kidney disease features of female cotton rats. Thus, the cotton rat is a unique rodent model to elucidate the pathological crosstalk between chronic kidney disease and sex-related factors.
Impact statement
The increasing number of elderly individuals in the overall population has led to a concomitant age-related increase in chronic kidney disease. Moreover, the global prevalence of patients with chronic kidney disease is gradually increasing, which poses a serious public health problem. The limited number of spontaneous chronic kidney disease animal models, which resemble chronic kidney disease pathogenesis in elderly individuals, is a major limitation in the development of experimental and curative medicines for chronic kidney disease. This pathological study clarified that sex-related factors, including hormones, and abnormalities of the female reproductive system, such as pyometra, are closely associated with chronic kidney disease development by using cotton rats (Sigmodon hispidus). Further, ovariectomy inhibited the phenotypes of the female reproductive system, immunological abnormalities, and chronic kidney disease. Thus, this laboratory rodent serves as a novel and useful spontaneous chronic kidney disease model to elucidate the candidate disease factors and the pathogenesis of chronic kidney disease both in human and experimental medicine.
Introduction
The cotton rat (Sigmodon hispidus) is an experimental rodent originating from the southern United States. Many studies have reported that this rodent is associated with an increased susceptibility to pathogenic human viruses, protozoans, metazoans, and bacteria, such as Leishmania, Echinococcus, and respiratory disease viruses. [1] [2] [3] In addition, unique disease phenotypes were identified in cotton rats including fragile tails, stomach cancers, and cardiomyopathy. 4 In our previous studies, we have also identified their unique phenotypes such as pharyngeal pouch remnants and female-dominant chronic kidney disease (CKD). 5, 6 Therefore, we expect that the clarification of disease pathogenesis found in cotton rats is a reasonably important process to better understand similar diseases both in human and veterinary medicine.
In particular, CKD is a serious problem in human and veterinary medicine because several humans and animals are diagnosed with CKD because of the accelerated aging of society. 7, 8 Several systemic factors also affect CKD development such as genetic factors, obesity, hypertension, infections, or autoimmune disease-related conditions. 9 Notably, some types of CKD show sex-related differences, which have been closely associated with systemic conditions, but in general, men tend to show a more rapid progression of CKD than women. 10 Characteristically, CKD caused by an autoimmune disorder, including lupus nephritis, shows a female-dominant progression in human and animal disease models. [11] [12] [13] Female sex-hormone, especially estrogen, has an exacerbating effect on lupus nephritis in human and mouse models; however, estrogen has a mainly protective effect on renal lesions such as glomerulosclerosis and interstitial fibrosis, as found in Dahl salt-sensitive rats with ovariectomy (OVX). 13 In the field of veterinary medicine, pyometra-associated nephritis was frequently found in companion dogs. 14 Notably, in cotton rats, females show more severe CKD features than males, especially inflammatory cell infiltrations and dilations of distal tubules have been shown to be significantly different between sexes. 5 Furthermore, spontaneous gastric adenocarcinoma was mainly observed in female cotton rats (23.6%) compared with male cotton rats (0.71%). 15 Therefore, cotton rats would represent a useful animal model to clarify sex-related mechanisms of disease progression. An important key factor of this difference might be caused by female sex hormones, but the underlying mechanisms are yet to be fully understood. In this study, we focused on the renal pathogenesis of female cotton rats and suggested that female sex hormones have an important influence on the progression of CKD in this rodent model.
Materials and methods

Animals
Animal experimentation was performed according to the guidelines of the Hokkaido Institute of Public Health (approval no.: K27-03). Female cotton rats (aged 1-17 months) were maintained as the HIS/Hiph strain through continuous inbreeding under conventional conditions at the Hokkaido Institute of Public Health (Sapporo, Japan). We divided the examined cotton rats into young (aged 1-3 months) and adult (aged 5-17 months) groups according to our previous study. 5 In the young group, the cotton rats showed no renal dysfunction and injury, 5 and therefore were used as healthy controls (Cont) in the pathological analysis. The adult group was subdivided into two groups, those with or without pyometra in the pathological analysis. In some female cotton rats of the young and adult groups, OVX was performed under anesthesia as described in our previous study, 16 and they were examined at four and two months after OVX, respectively. With cotton rats under deep anesthesia with isoflurane, blood was collected from the vena cava, and then they were euthanized by cutting the abdominal aorta. The extracted serum was used for serological analysis. The kidney, female reproductive organs, and bone marrow were fixed using 10% neutral buffered formalin for histopathological analyses.
Blood examination
Hematological analysis was performed to determine the number of white blood cells (WBCs) by using a KX-21NV instrument (Sysmex; Kobe, Japan). For the serological tests, the levels of blood urea nitrogen (BUN) and creatinine (Cr) were analyzed using a Fuji Dri-Chem 7000v analyzer (Fujifilm; Tokyo, Japan). The ratio of albumin to globulin (A/G) was measured using a commercial kit (A/G B-Test Wako; Wako; Osaka, Japan).
Histopathological analysis
Paraffin-embedded uterus and bone marrow from femoral bone sections were stained with hematoxylin and eosin (HE). Paraffin-embedded kidney sections were stained with periodic acid Schiff (PAS) for histopathological analysis. Immunohistochemistry for a-smooth muscle actin (aSMA), CD3, and calbindin-D28k was performed to detect myofibroblasts, pan T-cells, and distal tubules, respectively. Further, the localization of estrogen receptors a (ERa) and b (ERb) was also examined. Details of the staining conditions and primary antibodies used in the study are listed in Table 1 . In brief, the sections were deparaffinized, heated, and incubated with primary and secondary antibodies according to a previously published streptavidinbiotin method. 5 The color was developed by incubating the sections in a 3,3 0 -diaminobenzidine tetrahydrochloride-H 2 O 2 solution.
Histological and histometric examinations were conducted in a blinded manner. Digital images of the tubulointerstitium were prepared using the BZ-X710 inverted microscope (Keyence, Osaka, Japan), and histometric analysis of images was performed using BZ-H3A application software and hybrid Cell Count software (BZ-H3C, Keyence). From PAS-stained sections, the relative area of the tubular lumen in the outer medulla (%) was analyzed. For immunostained sections, the aSMA þ area (%) and CD3 þ cell infiltration (number/mm 2 ) were also assessed. The outer diameter of the vaginal parts of the cervix was measured by the digital caliper.
Statistical analyses
The results are expressed as means AE standard errors or Box-and-whisker plots. The Mann-Whitney U test was used to compare data between two groups (P < 0.05).
The Kruskal-Wallis test was used to compare data between three groups. Multiple comparisons were performed using Dunnett's test to compare multiple parameters with the Cont group (P < 0.05). For the comparison of groups with pyometra, those without pyometra, and the OVX groups, Table 1 . Primary antibodies used for immunohistochemistry. Scheffé's method was used (P < 0.05). Spearman's correlation test (P < 0.05) was used to analyze the correlation between two values.
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Results
Reproductive organ-associated abnormalities in female cotton rats
The gross anatomical analysis revealed that some adult female cotton rats developed a separation of the pelvic symphysis and pyometra (Figure 1(a) ). In these female cotton rats, the vaginal parts of the cervix showed hypertrophy (Figure 1 (a) and (b)), and numerous neutrophils were observed in the lumen of the uterus (Figure 1(c) ). The separation of the pelvic symphysis was 63% at 5-6 months of age and reached 100% at the age of 7-8 months or higher (Figure 1(d) ), while the incidence of pyometra was 17, 63, and 56% at 5-6, 7-8, and 9-17 months of age, respectively ( Figure 1(d) ). Furthermore, the diameters of the vaginal parts of the cervix showed a significant positive correlation with age ( Figure 1(e) ). The age-matched individuals having pelvic separations or pyometra showed increased diameters of the vaginal parts of the cervix (Figure 1(f) ). To evaluate the effect of pyometra on immunological status, bone marrow and circulating WBC morphologies were examined. The bone marrow of cotton rats with pyometra showed more white color compared with the bone marrow of cotton rats without pyometra (Figure 1(g) ). Histologically, the bone marrow cells as well as neutrophils were increased in the pyometra group compared with the group without pyometra. Blood WBC number also significantly increased in the pyometra group, indicating a systemic inflammatory condition. Table 2 shows the incidence of the separation of the pelvic symphysis with or without pyometra. Notably, some female cotton rats exhibiting a separation of the pelvic symphysis did not develop pyometra (10/22, 45%), but all female cotton rats exhibiting pyometra showed pelvic separation (12/12, 100%). These data suggested that the separation of the pelvic symphysis occurred earlier than pyometra. Table 2 also shows the incidence of the separation of the pelvic symphysis with or without OVX treatment. Notably, no OVX-treated female cotton rats exhibited a separation of the pelvic symphysis (0/4, 0%). These data indicate that OVX prevents the separation of the pelvic symphysis. Note: Ovariectomy (OVX) was performed in the young group, and they were examined during their adult period (4 months after OVX). , and O denote the significant difference with PyoÀ, Pyoþ, and OVX groups, respectively (P < 0.05). P
, and OO denote the highly significant difference with PyoÀ, Pyoþ, and OVX groups, respectively (P < 0.01). ............................................................................................................................................................ Effects of pyometra and OVX on systemic immunological abnormalities and renal dysfunction in female cotton rats As shown in Figure 2 , we evaluated indices for systemic immunological status (spleen weights, A/G ratio) and renal function (BUN, serum Cr). The young group (mean, 1.9 months) was defined as the Cont group to be compared with other groups because they had normal values for these indices. 5 Further, adult groups were divided into groups without pyometra (Pyo-, mean, 9.8 months), with pyometra (Pyoþ, mean, 11.5 months), and OVX (mean, 12.2 months).
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There was no significant difference in the ages examined among adults without pyometra, adults with pyometra, or the OVX groups by Kruskal-Wallis test (P > 0.05). , and O denote the significant differences in PyoÀ, Pyoþ, and OVX groups, respectively (P < 0.05). P
, and OO denote the highly significant differences in PyoÀ, Pyoþ, and OVX groups, respectively (P < 0.01). With regard to spleen weights, the Pyoþ group showed significantly higher values than the Cont group (Figure 2  (a) ). In multiple comparisons, the Pyoþ group showed significantly higher values than Pyo-and OVX groups. For the A/G ratio, both Pyo-and Pyoþ groups showed significantly lower values than the Cont group (Figure 2  (a) ). In multiple comparisons, both Pyo-and Pyoþ groups showed significantly lower A/G ratio than the OVX group. With regard to the renal function indices (Figure 2(b) ), the Pyoþ group showed significantly higher BUN and Cr values than the Cont group (Figure 2(a) ). In multiple comparisons, the Pyoþ group showed significantly higher BUN and Cr values than Pyo-and OVX groups. These data indicated that pyometra was associated with a progression of renal dysfunction and an altered systemic immunological status, which was ameliorated by OVX.
Effects of pyometra and OVX on renal histopathology in female cotton rats CKD of cotton rats is characterized by the dilation of distal tubules, infiltration of CD3 þ T cells, and aSMA þ myofibroblasts. 5 In our histopathological analysis, these CKD features were ameliorated in the OVX groups compared with other adult groups, and the Pyoþ group tended to show a more severe histopathology than the PyoÀ group (Figure 3(a) ).
In terms of the tubular dilation index (Figure 3(b) ), the PyoÀ and Pyoþ groups showed significantly higher values than the Cont group, especially in the latter the difference was highly significant (P < 0.01). In multiple comparisons, the OVX groups tended to show lower values than PyoÀ and Pyoþ groups, but this difference was not significant. In the cell infiltration index, PyoÀ and Pyoþ groups showed significantly higher values than the Cont group, and in multiple comparisons, OVX showed significantly lower values than PyoÀ and Pyoþ groups. With regard to the renal fibrosis index, the PyoÀ and Pyoþ groups tended to show higher values than the Cont group, but the difference was not statistically significant, while in multiple comparison, the OVX groups showed significantly lower values than the PyoÀ and Pyoþ groups.
The population showing a more severe histology was remarkably different among groups (Figure 3(b) ). In particular, more cotton rats in the Pyoþ group showed more severe histopathological scores than those in the other groups in terms of the dilation of distal tubules, infiltration of CD3 þ T cells, and aSMA þ myofibroblasts. Notably, the OVX groups had lower scores for these three parameters than the other groups. These histopathological data indicated that OVX clearly inhibited the progression of CKD, and pyometra was closely associated with the increase of the population showing severe CKD rather than each histopathological severity of CKD.
Correlation between systemic immunological abnormalities and CKD in female cotton rats Figure 4 shows the statistical correlations between systemic immunological abnormalities (spleen weight, A/G ratio), and renal pathology (BUN, serum Cr, histopathological indices) between the PyoÀ Pyoþ, and OVX groups. Spleen weights showed a significant positive correlation with BUN, serum Cr, dilation of distal tubules, and infiltration of CD3 þ T cells and aSMA þ myofibroblasts (Figure 4 (a)). The A/G ratio showed a significant negative correlation with BUN, serum Cr, dilation of distal tubules, and the infiltration of aSMA þ myofibroblasts (Figure 4(b) ). These data clearly demonstrated the close correlations between systemic immunological abnormalities and CKD in female cotton rats.
Localization of ERs in the kidney of female cotton rats
We examined the expression of ERs in the kidneys of cotton rats ( Figure 5 ). In the young group, faint positive reactions for both ERa and ERb were detected in the kidneys. However, the positive reaction intensity increased with age. In particular, dilated or cystic renal tubules showed strong positive reactions, which were confirmed to be distal tubules in our previous study. 5 The intracellular localizations of ERa and ERb were the nucleus and cytoplasm, respectively. For ERb, the positive reaction in the apical part of renal epithelial cells was stronger in the older groups, and epithelial cells negative for both ERa and ERb were also detected in the dilated tubules ( Figure 5,  arrows) . Notably, these positive reactions were weaker in the OVX group.
Discussion
We previously found that cotton rats, especially females, developed CKD characterized by severe tubulointerstitial lesions including dilation of the distal tubules, immune cell infiltrations, and increased myofibroblasts. 5 Although this previous study did not focus on the female-specific characteristics of other organs, we clarified that some female cotton rats developed pyometra with age in the present study. CKD tended to progress with age (as shown in Figure 2 (b) and Figure 3 ) regardless of the presence or absence of pyometra. Therefore, these data suggest that the appearance of pyometra was not a mandatory requirement for the initiation of CKD in cotton rats.
In general, compared with women, men show a higher prevalence of primary diseases of CKD, such as glomerulonephritis and membranous nephropathy, and a more rapid progression of membranous nephropathy, IgA nephropathy, and polycystic kidney disease. 10 In contrast, female-dominant progression was observed in some types of CKD, in particular CKD with systemic disorders, such as lupus nephritis, were more frequently observed in females than in males of human and mouse models due to the effects of sex hormones. 11, 12 The lupus nephritis-like glomerular lesions were not observed in the cotton rats, 5 while the systemic immunological parameters, especially the A/G ratio, were altered in female cotton rats even though they did not show any pyometra. Therefore, sex hormoneand/or sex chromosome-associated systemic or intrarenal immunological changes were also associated with CKD development in female cotton rats.
From the present study, the separation of pelvic symphysis was identified first, and then hypertrophy of the vaginal parts of the cervix and pyometra consequently developed in female cotton rats. Pelvic symphysis fibrocartilage in mice expressed both the ERs, 17 and estrogens have been reported to influence the collagen remodeling via relaxin in fibrocartilage tissue. 18 Therefore, the separation of pelvic symphysis in cotton rats would be affected by estrogen. Pyometra was often observed in companion dogs due to the abnormalities of the uterus such as endometrial hypertrophy and bacterial infection, and estrogen treatment has been shown to increased its risk. 19 In the preliminary study, we could not find any significant correlation between the separation of pelvic symphysis or pyometra and parturition (n ¼ 28-37, Chi-square test). In cotton rats, the altered bacterial or immunological environment due to the closed the vaginal parts of the cervix would contribute to the development of septic pyometra. Notably, examination of renal biopsy specimens of dogs with pyometra revealed a high prevalence of mild tubulointerstitial nephritis with renal dysfunction, but few specific glomerular lesions.
14 Indeed, pyometra groups deteriorated the indices of immunological status as well as renal dysfunction in the cotton rats. Therefore, we consider that the presence of pyometra is an exacerbating factor in the CKD of female cotton rats. Thus, the correlations among sex hormone, pelvic symphysis separation, and pyometra were strong but might be further investigated by examining the effect of surgical separation of the pelvic symphysis in younger cotton rats on the development of pyometra, with and without OVX. This would help to determine whether the pyometra requires endocrine abnormalities or is simply an effect of widening the pelvic cavity.
OVX inhibited the development of CKD, systemic immune abnormalities, and the separation of pelvic symphysis in female cotton rats. These data from the OVX groups indicated that these pathological events were strongly regulated by sex hormones. The absence of pyometra in the OVX groups would contribute to the amelioration of the systemic conditions, and these immunological changes may also indirectly affect the alleviation of CKD in cotton rats. Although it was unclear whether the inhibitory effects of sex hormones on tubulointerstitial lesions were direct or indirect, the dilation of the distal tubules seemed to be directly regulated by estrogen because of the expression of ERs in epithelial cells with the development of cystic lesions. In human cystic kidney disease, the epithelial cells of hepatic cysts express ER, and estrogen has been reported to accelerate the progression of cysts 20 ; thus, increased estrogen levels could be responsible for ER-mediated proliferation of tubular epithelial cells. 21 In rats, ERa and ERb are more predominant in the kidney of females and males, respectively. 22 Furthermore, ER expression was found to be relatively low in distal tubular segments in mice, 23 but estrogen has been reported to alter the function of ion pump/channels. 24, 25 Interestingly, female cotton rats of young and OVX groups showed a low expression of ERs in the kidneys, but older female rats had higher ER expression in dilated distal tubules. Therefore, age-or CKD eventinduced ER expression would be an important mechanism mediating the progression of tubular cystic lesions via morpho-functional alternations of distal tubular epithelial cells such as proliferation or ion transporting.
Sex hormones have complex effects in kidney disease. In general, estrogen has renoprotective effects. For example, ovariectomized glomerulosclerosis-prone ROP Os/þ mice developed severer glomerular lesions and renal dysfunction than age-matched female controls. 26 Estrogen therapy after OVX has also been reported in the kidney of postmenopausal rats. 27 Other adverse effects of estrogen on the kidney have also been reported in addition to lupus nephritis. In hyperlipidemic analbuminemic rats, females are more prone to develop renal injury than males, while OVX tends to decrease triglyceride levels and prevent renal disease. 28 Furthermore, oral but not transvaginal estrogen therapy in postmenopausal women is associated with a loss of kidney function. 29 While treatment of streptozotocin-induced diabetic rats with estrogen decreased tubulointerstitial fibrosis, 30 the diabetic Cohen rats with OVX showed significantly decreased incidence of nephropathy, and estrogen treatment of the ovariectomized animal increased the rate of nephropathy. 31 Notably, in Cohen rats, no difference was found between the ovariectomized and intact diabetic females with regard to blood glucose, insulin, or cholesterol levels, but a significant difference was found in their estrogen levels, ............................................................................................................................................................ suggesting a direct effect of estrogen on the kidneys. The effects of estrogen on the renin-angiotensin system, a crucial cascade for the development of kidney diseases, are also well-known, in particular the functions of renin, angiotensin-converting enzyme, angiotensin, and its receptor were affected. 32 These reports indicate the estrogen effects on kidney disease differ according to the pathological features of kidney diseases due to systemic conditions and/or genetic backgrounds of animals or humans. In these events, the induction of intrarenal ERs, as found in the distal tubules of cotton rats, would be also important. Intermediate mesoderm develops into the urogenital system including kidneys and gonads. Therefore, kidney composing cells might naturally have the ability to alter the expression of sex-hormone receptor as gonadal cells, according to physiological and/or pathological status.
We have summarized the pathology of female cotton rats based on the findings of the present study ( Figure 6 ). Firstly, female sex hormones and aging strongly affect the abnormalities of the female reproductive system and finally contribute to pyometra development. The development of pyometra directly correlated with the elevation of BUN, serum Cr, spleen weight, and the A/G ratio, and may consequently have a direct effect on renal lesions. Furthermore, aging and genome are important factors for the developments of renal lesions and immunological abnormalities, and estrogen via inducible ERs in distal tubules also participates in the tubular dilation process. Thus, the close correlations among female reproductive organ-associated abnormalities, immunological abnormalities, and renal dysfunction are characteristics of CKD pathogenesis in female cotton rats. However, future studies evaluating male sex hormones, which have an adverse effect on kidney diseases 10 are also needed to better clarify the CKD pathogenesis in cotton rats.
Thus, cotton rat is a unique and useful experimental rodent model to elucidate the pathological crosstalk between CKD and sex-related factors. On the other hand, the basic information of cotton rats such as sex-related characteristics is still scarce from juvenile to aged periods. In future, it would be worth to clarify the effects of sex hormone on anatomical and physiological differences of reproductive organs between male and female by using this animal model.
